The house musk shrew Suncus murinus (Insectivora, Soricidae) is referred to as suncus in a laboratory context. Although the capture of albino-like shrews (wild suncus) has been reported previously, albino-like strains have never been established, and the molecular basis of the character has remained elusive. We have established an OCAO mutant strain (oculocutaneous albinism Okinawa), from a wild suncus with a white coat and red eyes, which was captured in 2002. During the course of establishing the strain, it was revealed that the albino-like phenotype was inherited in an autosomal recessive manner. To elucidate the molecular basis of this phenotype, we cloned the suncus cDNAs for tyrosinase (Tyr), pinkeyed dilution (p), and solute carrier family 45, member 2 (Slc45a2), since these genes are involved in oculocutaneous albinism in various species, including humans. Several polymorphisms were identified in these genes; however, linkage analysis excluded the involvement of Tyr and p. On the other hand, two amino acid substitutions (V240A and G366E) were identified in Slc45a2 that cosegregated with the phenotype in the OCAO mutant strain. While V240A was also present in colored suncus collected from Okinawa, G366E was unique to the albino-like suncus and heterozygous carriers. Thus, we conclude that a mutation in Slc45a2 (G366E) is responsible for an albino-like phenotype in Suncus murinus.
Introduction
The house musk shrew Suncus murinus of the order Insectivore is widely distributed across Asia, from the tropics to the subtropics [5] , and is referred to as "suncus" in a laboratory context. Several habitat-related morphological and genetic variations have been confirmed in this species, including variations in coat colors [14, 16, 19] . Since 1973, several laboratory strains have been established from wild house musk shrew populations [29] , including mutant strains harboring coat abnormalities, such as a cream coat color (cr) [15] , curly hair (ch) [28] , and kinky coat (kc) [17] , as well as a mutant strain with abnormal eye coloration (red-eyed dilution (rd) [32] ). However, no albino-like strain had been established, even though the capture of albino-like shrews has been reported since 1968 [31, 44] . In September, 2002, a male albino-like shrew, which had a pure white coat and red eyes, was captured in the field on Okinawa Island, Japan, and brought to our laboratory [20] .
Albinism is an autosomal recessive disorder, which occurs as a consequence of mutations in genes involved in regulating melanin biosynthesis [38, 41] . Many mouse strains (e.g., A, AKR, BALB/c, and ICR), which are referred to as albino strains, lack pigmentation due to mutations in the tyrosinase (Tyr) gene [2] . TYR is a copper-containing glycoenzyme that plays a key role in the rate-limiting steps of the melanin biosynthesis pathway [35] and mutations in the Tyr gene cause OCA1 in humans [42] . Mutations in p have been identified in humans with OCA2 [24, 36] . In the mouse, a mutant p allele causes hypopigmentation ranging from minor to dramatic reductions in both coat and eye color [25] . The P protein has 12 transmembrane domains and is thought to function as a membrane transporter of anions with a key role in the acidification of melanosomes [34, 43] . SLC45A2 (also called MATP: membrane associated transporter protein) is a melanosomal membrane-associated protein with 12 transmembrane domains [27] . Although the function of SLC45A2 is unknown, it is speculated that this protein plays a crucial regulatory role in the processing and intracellular trafficking of TYR and other melanosomal proteins [6, 22] . In the mouse, SLC45A2 is encoded by uw (underwhite), and three alleles (uw, uw d , uw dbr ) have been described [27, 40] . In humans, defects in SLC45A2 result in OCA4, the clinical phenotype of which varies from hypopigmentation as severe as that seen in OCA1 to some pigmentation with brown hair and eyes [13] .
We have established an albino-like strain from an albino-like shrew (wild suncus) that was brought to our laboratory in 2002. To elucidate the molecular basis of the albino-like phenotype, we analyzed multiple OCAcausative genes and identified a mutation in Slc45a2 as the source of the phenotype.
Materials and Methods

Animals
Two suncus strains, each with a colored coat and eyes, were used in this study: the KAT strain, which originated from one male and two females of a wild population in Kathmandu, Nepal in 1991, and which has been used as a standard strain in our laboratory because of its high reproductive rate [30] , and the RYU strain, which originated from a wild population on Okinawa Island (Ryukyu archipelago), Japan in 2002. The strains were bred in closed populations but not inbreeding ones (around 10 males and 20 females) at the Research Institute of Environmental Medicine and the Graduate School of Bio-Agricultural Science, Nagoya University. They have been maintained in conventional animal facilities at 25-27°C with 30-60% humidity on a 12-h light/dark cycle, with free access to water and commercial trout pellets (Nippon Formula Feed Manufacturing Co., Ltd., Yokohama, Japan).
Mating experiments using the albino-like strain
To clarify the mode of inheritance for the phenotype, four types of crosses were performed: crosses between a KAT male and an albino-like female, crosses between carriers, crosses between a carrier male and an albinolike female, and crosses between albino-like animals. The segregation ratio of the descendants was estimated by a c 2 -test.
RNA extraction, cDNA cloning, and sequence analysis Total RNA was extracted from the eyes and skin of adult males, and used as the template for first-strand cDNA synthesis by means of reverse transcription. The detailed procedure has been described previously [18, 39] . Partial cDNA fragments were amplified using primers designed for regions known to be highly conserved among several species (human, mouse, rhesus monkey, dog, and chicken; Table 1 ). The 5' and 3' ends of the cDNAs were then cloned using a GeneRacer Kit (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions, and the amplified fragments were cloned using a TOPO TA Cloning Kit (Invitrogen). The sequences of the clones were determined using a PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems Inc., Foster City, CA) and a DNA sequencer (model 3100-Avant, Applied Biosystems Inc.). The sequences of the cDNAs were aligned using the NCBI BLAST program (www.ncbi.nlm.gov/BLAST/).
Restriction endonuclease analysis
Genomic DNA was extracted from the tails of adult animals by standard methods using Proteinase K digestion and phenol/chloroform extraction. The presence or absence of the mutations/polymorphisms identified by Bold, lower-case nucleotides indicate mismatches to the suncus cDNA sequences.
sequencing was confirmed as follows. Genomic regions containing the suspected mutant/polymorphic nucleotide were amplified by PCR, and the products were digested with the specific restriction enzymes. The digested fragments were then separated by agarose gel electrophoresis, stained with ethidium bromide, and visualized using a UV transilluminator. The mutant/polymorphic alleles were confirmed based on the banding patterns in the gels.
Results
Phenotype of the albino-like suncus and mating experiments
An albino-like suncus with a pure white coat and red eyes and a colored animal are representatively shown in Fig. 1 . Genetic analyses were conducted using KAT as the colored strain. The crosses between the colored and wild albino-like animals produced 33 offspring, all of which were colored. As shown in Table 2 , mating of KAT × albino-like, carrier × carrier, carrier × albino-like, and albino-like × albino-like produced colored and albino-like offspring at ratios of 1:0 (80:0), 3:1 (116:34), 1:1 (31:26), and 0:1 (0:53), respectively. These results are in agreement with the expected ratio based on Mendelian inheritance patterns and show that the albino-like phenotype is controlled by a single autosomal recessive gene. We named the mutant gene "oculocutaneous albinism Okinawa (gene symbol: ocao)". 
Establishment of an albino-like strain
The founder shrew (wild suncus captured in Okinawa) mated with KAT females and their descendants were repeatedly crossed to KAT strain females by the partial cross-intercross system (Fig. 2) , and the albino-like shrew was established as an OCAO mutant strain. To preserve the Y chromosome of the albino-like suncus, it and its male descendants were mated with a KAT female. The albino-like strain was bred at the Research Institute of Environmental Medicine under the conditions described above. The albino-like animals obtained during the course of establishing the OCAO mutant strain were used in our subsequent analyses.
Cloning and sequence analysis of suncus Tyr cDNA
To elucidate whether Tyr is involved in the albino-like phenotype, we cloned full-length suncus Tyr cDNA from RNA extracted from the retina of KAT and albino-like suncus. The suncus Tyr cDNA contained a 1,587-bp ORF and the deduced primary sequence showed 91, 90, and 93% identity with those of human, mouse, and dog, respectively (data not shown; GenBank AB430855 and AB430856). A comparison of the cDNA sequence with that of Tyr cDNA derived from an albino-like suncus revealed four nucleotide substitutions that alter encoding amino acids: F26S, V128I, K153I, and A154T. Among these nucleotide substitutions, a guanine to adenine transition at nucleotide position 460 created an AluI (GCTA) restriction site polymorhpism that was present in KAT Tyr cDNA but not in RYU Tyr cDNA. Accordingly, we designed primers to amplify the genomic region (487 bp) containing the mutated/polymorphic AluI site (Fig.  3) . As shown in Fig. 3 , only digested 277-and 210-bp fragments were obtained from the KAT animals (Lanes 1 and 2), however, three out of four albino-like animals (Lanes 5-8) also showed digested fragments, indicating that the mutation/polymorphism in Tyr cDNA is not linked to the albino-like phenotype. On the other hand, only the undigested 487-bp fragment was obtained from the RYU animals (Lanes 9 and 10), suggesting that the differences in the cDNA sequences are a consequence of the long distance separating the habitats of the founders (Kathmandu and Okinawa). Our results also suggest that these particular polymorphisms are not critically involved in the function of TYR, since the RYU strain has a colored coat.
Cloning and sequence analysis of suncus p cDNA
Since the involvement of Tyr in the albino-like phenotype was eliminated, we analyzed the p gene. We cloned a partial suncus p cDNA that contained a 571-bp coding region (GenBank AB430859 and AB430860). The deduced primary sequence showed 85, 84, and 86% identity with those of human, mouse, and dog, respectively. A comparison of the KAT p cDNA sequence with that from an albino-like suncus (referred to as RYU in Fig. 4) , revealed five nucleotide substitutions; however, none resulted in an amino acid substitution. As in the Fig. 2 . Pedigree of the albino-like strain, OCAO. Partial pedigree for the albino-like strain is shown. A wild albino-like suncus and its descendants were crossed to KAT females and an OCAO mutant strain was established. Except for the founder wild albino-like suncus, all the albino-like animals, the parental animals of which were not indicated, were derived from intercross mating of the strain. Squares, male; circles, female; filled symbols, colored; open symbols, albino-like.
case of the Tyr gene, a guanine to thymine transversion that generated a TaqI (TCGA) restriction site was identified; thus, we designed primers to amplify the region containing the mutant/polymorphic site (125 bp) from genomic DNA. As shown in Fig. 4 , only the undigested 125-bp fragment was obtained from KAT animals (Lanes 1 and 2), whereas only the digested 96-bp fragment was obtained from RYU animals (Lanes 9 and 10). The heterozygous carriers as well as the albino-like suncus showed variable patterns (Lanes 3-8); thus, linkage between the p gene and the albino-like phenotype was eliminated.
Cloning and sequence analysis of suncus Slc45a2 cDNA
We next analyzed the suncus Slc45a2 gene homolog. The suncus Slc45a2 cDNA contains a 1,596-bp ORF, and the deduced primary sequence showed 84, 84, and 83% identity with those of human, mouse, and dog, respectively ( Fig. 5 ; GenBank AB430857 and AB430858). Two missense substitutions were detected between the KAT and albino-like cDNAs: 719T/C (V240A) and 1097G/A (G366E, see Fig. 6B ). As these sequence variations did not produce alternative restriction sites, we used mismatch primers designed to generate a restriction site only in the presence of the mutations/polymorphisms present in the albino-like animals.
As shown in Fig. 6A , fragments containing 719T/C were amplified using a mismatch primer set and digested by MwoI (GC[N] 7 GC). While the fragments of the KAT animals were undigested (128 bp; Lanes 1 and 2), those of the albino-like suncus were completely digested (Lanes 5-8). Heterozygous carriers showed both undigested and digested fragments (Lanes 3 and 4), indicating positive linkage between the albino-like phenotype and 719T/C (V240A). The fragments amplified from RYU were also completely digested, indicating that 719C originated from the wild suncus of Okinawa. Since the RYU strain has a colored coat, the V240A substitution is not responsible for the albino-like phenotype.
Simultaneously, fragments containing 1097G/A (87 bp) were amplified using a mismatch primer set and digested by MboII (GAAGA[N] 8 , Fig. 6B ). The fragments amplified from the albino-like suncus were completely digested (73 bp; Lanes 5-8), whereas those from the KAT and RYU animals remained undigested (Lanes 1, 2, 9, and 10). The heterozygous carriers showed both digested and undigested fragments (Lanes 3 and 4): thus, Fig. 3 . Restriction enzyme digestion analysis of Tyr. The genomic region containing the polymorphic AluI site (shaded area) was amplified using the primers TYR-gs1 and TYR-gas1 ( Fig. 3 and Table 1 ; upper panel). The amplified 487-bp fragment was digested into 277-and 210-bp fragments in the presence of the AluI site and analyzed on 1.2% agarose gels (lower panel). Lanes 1 and 2: KAT suncus. Lanes 3 and 4: KAT and albino-like heterozygotes. Lanes 5-8: albino-like suncus. Lanes 9 and 10: RYU suncus. M1, 1-kb ladder. M2, 100-bp ladder.
Fig. 4.
Restriction enzyme digestion analysis of p. The genomic region containing the polymorphic TaqI site (shaded area) was amplified using the primers P-gs1 and P-gas1 (Table  1; the 1097A (G366E) allele is specific to the albino-like suncus and carriers, but is not present in the RYU strain, which inhabits the same geographical region where the founder animal (wild albino-like suncus) was captured.
Discussion
In this study, we established an OCAO mutant strain (oculocutaneous albinism Okinawa) of suncus. By cloning the genes involved in OCA and linkage analyses, we identified a mutation in Slc45a2, which is responsible for the albino-like phenotype. Although there have been several reports on albinism in other species of Insectivora [7, 8, 45] , our study is the first to identify the responsible gene for such a phenotype.
The glycine residue at position 366 in suncus SLC45A2, which is replaced by glutamate in the albinolike suncus, is conserved in all species (medaka fish, mouse, human, horse, chicken, Japanese quail, pig, and dog) for which the sequence of the homologous protein has been determined [9, 10, 26, 27, 33, 37] . According to the molecular models reported to date, this glycine residue is located at the first position of the eighth transmembrane domain. Substitution of this residue by a glutamate with an acidic side chain may alter the structure of the transmembrane domain, and may decrease insertion of SLC45A2 into the membrane or intrinsic SLC45A2 activity. So far, 24 different mutations in SLC45A2 have been reported in humans, and all of the missense mutations are located within or very close to transmembrane domains [12] . Homologous mutations affecting the aspartic acid in the fourth transmembrane domain, resulting in light beige and cream coat colors, have been reported in the mouse (uw dbr ) and horse, respectively [26, 27, 40] . Moreover, D157N, a missense mutation that lies in the second cytoplasmic loop close to the fourth transmembrane domain, is the most frequent mutation in Japanese OCA4 patients [13] . However, functional studies of these mutant SLC45A2s have not been reported. Recently, abnormal trafficking of TYR from the trans-Golgi network to melanosomes was demonstrated in melanocytes derived from underwhite mice, suggesting that SLC45A2 plays a crucial role in modulating the processing and intracellular trafficking of TYR and other melanosomal proteins [6] . In addition to the G366E mutation responsible for the albino-like phenotype, we found that residue 240 in suncus SLC45A2 is valine and alanine in the KAT and RYU strains, respectively. Animals of both strains have colored coats and both valine and alanine are non-polar hydrophobic amino acids; therefore, this variation is unlikely to affect the function of SLC45A2. The homologous residue is alanine in both humans and mice (see Fig. 6 ), further supporting this notion. We speculate that the V240A variation developed after the separation of ancestral wild suncus into geographically distant regions. A phylogenetic tree deduced from the sequence of mitochondrial DNA control regions classifies KAT and RYU (OKI:Okinawa) into continental and insular groups [21] , and indicates the substantial distance between KAT and RYU. The several variations in TYR identified between KAT and RYU strains, as well as the V240A variation in SLC45A2, may be used to elucidate how wild suncus segregated in different regions of Asia.
In addition, the amino acid sequence variations in TYR between the KAT and RYU strains (F26S, V128I, K153I, A154T) should be of use for the molecular modeling of TYR, since TYR appears to function normally in both strains.
Tyr mutants have been identified in many animals including the mouse [2, 23] , rabbit [1] , rat [3] , cat [11] , and ferret [4] . Mutations in Slc45a2 have been identified in an increasing number of animal species [9, 10, 26, 27, 33, 37] , and the phenotype of Slc45a2 varies from hypopigmentation as severe as that seen in OCA1 to some pigmentation with brown hair and eyes [13] . The OCAO suncus described herein, having almost pure white coats, may serve as a unique disease model of human OCA4 and will provide some insights to the function of SLC45A2.
